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Reduced graphene oxide for Li- was varied between 30 min and 3 days before reduction. Powder X-ray diffraction, MicroRaman, FE-SEM, BET analysis, and XPS were used to characterize the GO's and rGO's.
Selected samples of GO and rGO were analyzed by solid state 13 C MAS-NMR. These methods highlighted the difference between the two types of rGO's, and XPS indicated how the chemical trends in GO are extended to rGO. A comparison between XPS and 13 C MAS-NMR showed that both techniques can enhance the structural understanding of rGO. Different rGO cathodes were tested in Li-O 2 batteries which revealed a difference in overpotentials and discharge capacities for the different rGO's. We report the highest Li-O 2 battery discharge capacity recorded of approximately 60,000 mAh/g carbon achieved with a thermally reduced GO cathode.
INTRODUCTION:
Lithium-air (Li-O 2 ) batteries hold the promise for a future generation of rechargeable batteries with very high specific capacities. The development of such batteries is important for the future of green technologies. However, promising as these batteries are, much research is still needed, and many challenges must be overcome [1, 2] . Some of the issues in the future development of Li-air batteries are: Exploration of stable electrolytes suited for the highly reactive environment [3] [4] [5] , lowering of the significant overpotential on charging the battery [6, 7] and improving cyclability [1] . In addition to these challenges the effects of possible contamination from the air should also be considered [8, 9] . Development of a stable and lightweight air-cathode for Li-air batteries is important to achieve its potential. Ottakam et al [10] tested isotope labeled 13 C as cathode material and found that not only the electrolyte decomposes upon cycling. Carbon may react as well, and the degree of reaction depends on the hydrophobicity of the carbon material. A capacity retention above 98% upon cycling in 0.5M LiClO 4 DMSO has been reached with TiC [11] , electrodes made by vertical aligned N-doped coral-like carbon fibers has shoved high cyclability combined with a high discharge capacity [12] , and cathodes of woven carbon nanotubes also displayed high cyclability, both in regards to capacity limited cycles but also for deep discharged cycles [13] .
Reduced Graphene Oxide (rGO) has shown great promise as an air-cathode with high capacity [14, 15] and the material has many of the abilities desired for the Li-air cathode; it has a high specific surface area and a good conductivity [16] . rGO may be prepared with a unique 3D morphology of interconnected pores with sizes on the nano-and mesoscale as well as a structure which is believed to lead to high capacities for graphene cathodes [14] . Several different types of related rGO have been tested as the Li-air battery cathode material, such as "normal" rGO [14, 15] , doped rGO [17, 18] , and metal containing rGO [19] [20] [21] [22] . rGO cathodes have been tested for both the aprotic [14, 15] and hybrid [23] Li-air battery systems with promising results.
Even though rGO has been investigated [16, 24, 25] , the difference of the functional groups in the graphene oxide (GO) and their relation with the functional groups in rGO has not been explored in detail. Gaining a deeper insight into these properties is important since they may have an influence on the use of rGO as a Li-air cathode material. We have investigated the effect of oxidation time on the structure and properties of GO as well as related thermally and chemically reduced GO. Different rGO's were tested as cathode materials for an aprotic Li-O 2 battery.
GO was prepared by a modified Hummers method [26] This study shows how some of the functional groups in GO relate to the functional groups of the synthesized rGO, and how the differences in rGO cathodes affects both discharge capacity and the overpotential for time limited discharge/charge cycling in a Li-air battery.
EXPERIMENTAL:
2.1. GO and rGO Preparation GO was synthesized according to the modified Hummer's method [26] . In an Erlenmeyer flask on ice 3 g natural flake graphite, 325 mesh, with 99.8 % metals basis (Alfa Aesar) and 1.5 g NaNO 3 was mixed under stirring in 100 ml concentrated H 2 SO 4 . 12 g KMnO 4 was added very slowly to the still cooled Erlenmeyer flask and cooling was continued for 2 hours. The solution was then heated in a water bath to 35˚ C for the desired and variable time range (30 min, 1 hr, 3 hrs, 1 day, and 3 days). After heating, the solution was placed on ice and 100 ml ice-cooled water was added followed by slow addition of 25 ml 30% H 2 O 2 . The precipitate was isolated by centrifugation, washed with 0.1 M H 2 SO 4 and left to vacuum dry at 25 ˚C overnight. GO was washed by centrifugation, four times with 1 M HCl followed by drying, and four times with acetone and drying in a vacuum furnace at 25 ˚C. The GO materials were named GOX (X=30min, 1H, 3H, 1D or 3D, denoting the oxidation time).
HyrGO synthesis, following [27] : 0.2 g GO was delaminated in 200 ml water by sonication for at least 1 hr and the solution was filtered on a Büchner funnel with filter paper. To a round bottom flask containing the delaminated GO 2 ml of hydrazinium hydroxide was added. The solution was then heated under reflux at 100 °C for 24 hrs, causing precipitation of rGO. The solution was filtered and the rGO was washed with 5*100 ml milliQ water and 5*100 ml MeOH.
The rGO was dried in air overnight and furthermore dried in an oven at 90 °C overnight.
TrGO synthesis, slightly modified from [28] : 0.2 g GO was placed in an alumina boat and inserted into a 50 mm (inner diameter) 1m long quartz tube was flushed with argon. Hereafter the tube was inserted into a tube furnace pre-heated to 1100 ˚C and shock-heated for 2 minutes. were assembled in a glovebox using a custom built Swagelok cell with gas volume of 10 ml. The batteries consist of a 10 mm Li-disk as the anode followed by two, EtOH cleaned and dried, Cellgaard membranes, 70 µl 1M LiTSFI in DME electrolyte [34] , the cathode on the stainless steel mesh and additional 140µl electrolyte. The Swagelok cell was activated with oxygen by flushing 4 x 20 sec at a flow of approx. 2 ml/sec and an overpressure of 0.8 bar. The battery was disassembled, after flushing with argon, in the glovebox and the cathodes were carefully washed with dried DME. At least 3 drop-casted cathode batteries were tested with a current of 0.1 mA/cm 2 for capacity calculations. The cell test consisted of 3 hrs OCV, 5 min discharge, an impedance measurement (EIS), 9 hrs and 55min (or 2V discharge), 10 hrs (or 4.65V) charge, EIS, 2 cycles (10 hrs or 2-4.65V), followed by a deep discharge to 2V. Cycled batteries were charged and discharged between 2 and 4.65 V at 0.1 mA/cm 2 for 10 cycles.
RESULTS AND DISCUSSION:
This section describes the characterization of the GO and rGO samples by SEM, BET, TGA-MS, XRD, and micro-Raman spectroscopy, followed by the XPS and 13 C MAS-NMR results, as both techniques give insight into the functional groups in the samples. After GO and rGO characterizations selected rGO samples are evaluated as cathode materials for Li-O 2 batteries together with cathodes of Super C65 carbon black.
CHARACTERIZATION OF GO AND rGO
The different GO's in this article are denoted GOX (X denotes the GO oxidation time as being 30min, 1H, 3H, 1D or 3D, H = hour(s) and D = day(s)). The notation for the chemically reduced rGO, reduced by the hydrazine hydrate method [27] , is HyrGOX and for the thermally reduced rGO [28] it is TrGOX (X = 30min, 1H, 3H, 1D or 3D). (Table S1 reports the BET values of HyrGO and TrGO, supplementary information). These increased surface areas might be explained by an increasing amount of edges and defect formations in the graphene induced by the prolonged oxidation time and the subsequent reduction method.
TGA-MS was measured for GOX (X = 30min, 1H, 1D and 3D), with similar results for the different oxidized samples. An initial small loss of mass was observed from 25-110 °C followed by a substantial 48%, 52%, 52%, and 58% loss of mass for GO30min, GO1H, GO1D, and GO3D, respectively from 110-210 °C. This was again followed by a small loss of mass up to 1050 °C. The loss of CO 2 is caused by the thermal reduction of GO. The dramatic loss of mass corresponded to loss of H 2 O and CO 2. At 1050 °C the total remaining mass was 34%, 29%, 28%, and 22% of the initial mass for GO30min, GO1H, GO1D, and GO3D, respectively, indicating an increase in functional groups or/and more intercalated water molecules as the oxidation time is
increased. See the TGA-MS measurements in Figure S2 .
The five different GO powders has the well-known GO XRD patterns ( Figure 2 ) and Raman spectra (selected spectra are shown in Figure 3 ). The GO diffraction patterns of oxidation time GO1H to GO1D have their interlayer distance ((001) reflection) 2 between 11.19 and 11.22˚ (d ≅ 7.9 Å), whereas the GO30min showed a somewhat smaller distance between the graphene layers with the (001) reflection at 11.36˚ in 2θ
(d = 7.78 Å). GO3D has a greater interlayer distance, d = 8.44 Å, which may be explained by a higher degree of water absorption or functionalization. TGA-MS supports this as GO3D has the highest loss of mass. Ref [35] shows that intercalation of water in GO has an influence on the dspacing, as an approximately 6% change in the relative humidity in air can downshift the main peak with 0.5°. This indicates that intercalated water could have a similar effect on the d-spacing. Table S2 , Figures S4 and S5 ). Hiramitsu et al. [36] observed a peak around 1750 to 1850 cm -1 related to C=O vibrations [29] .
The Raman spectra of our GO samples display a tendency to a very small shoulder in the area of 1840 cm -1 , although the signal is too weak to make any definitive conclusion. The Raman spectra of HyrGO have a lower but broader G peak compared to the D peak and a larger I(D)/I(G) ratio as compared to the GO samples. The ratio of I(D)/I(G) is often reported as a measure of the disorder in the carbon material [16, 37] , thus the D peak represents the lack of order in the initial graphitic sp 2 plane (G peak). We would expect a decrease in the I(D)/I(G) ratio upon reduction if we restore the graphene sheet, however this is not observed. Similar results have been reported earlier [38] and were explained by creation of graphitic domains in rGO, of which there are more domains but of smaller domain size than in GO. The TrGO's spectra show a high G peak compared to the HyrGO spectra and has an I(D)/I(G) ratio larger than for both HyrGO and GO.
The TrGO Raman spectra display features also seen in amorphous carbon, but this tendency is not observed in HyrGO. Micro-Raman could not detect large differences between the HyrGO or Table S3 ). More GO spectra and the relative amounts of deconvolved peaks can be found in supplementary information, Table S3 and Figure S6 . The C-C graphitic backbone is clearly affected by the oxidation time. As the oxidation time increases the relative amounts of pure C-C bonds decreases from a ratio of 69% (GO30min) to 51% (GO3D). The relative amount Figure 6 shows a battery test for one of the TrGO3D cathodes. The battery test consisted of three limited cycles (limited by 10 hours or 2-4.6 V) followed by a deep discharge. The three cycles, limited by time, were made to ensure that the cathodes could both be charged and discharged. The battery tests showed that all tested materials could be cycled within the limits of the test. The TrGO3D battery tested in Figure 6 has a capacity of 59,792 mAh/g carbon (total cathode weight 0.37 mg), which is the largest capacity currently measured for a porous air-cathode for Figure S8 ).
The battery capacity varied rather much but the average specific capacity measured at 0.1 mA/cm 2 (excluding the large capacity cathode for TrGO3D) is reported in Table 2 . cathodes, it may be that the C-N group leads to this decrease in capacity compared to TrGO cathodes. This would also be in agreement with HyrGO30min having a three times the capacity If the battery material could be tailored to have a more efficient overpotential, the energy efficiency of the Li-air battery would be improved.
Another type of paint-casted cathode with an average area of 50 mm 2 was made and tested at 0.03mA/cm 2 for the TrGO30min and TrGO3D materials (50% PVDF). The cathodes had an average weight of 0.75 (30min) and 0.6 mg (3D) for the larger cathode area compared to the other type of cathodes, thus they were tested at a lower current per area but at a higher rate per mass materials. Three batteries of each type of material resulted in an average specific capacity of 3,734 mAh/g carbon for TrGO30min and 23,757 mAh/g carbon for TrGO3D. TrGO3D had the larger capacity for both types of cathodes. However, where the TrGO3D paint-casted cathode was superior in capacity compared to that of the drop-casted cathodes, the drop-casted cathodes were superior to the paint-casted for the TrGO30min samples. This signifies that the testing conditions and preparation methods of cathodes as well as the material have to be considered in order to optimize the battery.
CONCLUSIONS:
The effect of oxidation time during synthesis of GO and the following chemically and thermally reduced GO was investigated. XRD of the GO sample showed an increased layer distance induced by oxidation time. XPS showed that the oxidation time of GO affects the ratio of functional groups on the graphene sheets. Part of these functional groups seemed to be extended to thermally and chemically rGO making the initial GO synthesis an important step before further reduction. 13 C MAS-NMR showed a small difference in the composition of GO30min and GO3D. In addition, the effect from the thermal reduction of GO to rGO clearly affects the ratio of the functional groups.
Cathodes of TrGOX and HyrGOX (X = 30min and 3D) were tested, and the highest capacity for a Li-O 2 battery today was reached with a TrGO3D cathode. It was furthermore possible to cycle batteries of TrGO3D and HyrGO3D, but only with significant capacity losses.
The high capacity combined with the ability to cycle is a very promising result for rGO based cathodes in Li-air batteries. The battery tests showed that the composition or the morphology of the rGO samples may have affecting the capacity, and that the different synthesis of the rGO resulted in very different batteries. The rGO synthesis method also affects time limited cycling yielding different shaped charging curves with different overpotentials for different cathodes.
This study proved how rGO is a promising candidate for Li-air batteries of great capacity especially with a tailored rGO composition.
